The legionnaires disease bacterium Legionella pneumophila is a facultative intracellular parasite (1) . This organism is of particular interest because it shares many characteristics with other intracellular parasites such as Leishmania, Toxoplasma, and Mycobacteria. It is phagocytosed efficiently by human mononuclear leukocytes in the absence of opsonizing antibody by a coiling mechanism (2) . Legionella evade the antimicrobial defenses of monocytes and macrophages by inhibiting phagosome-lysosome fusion (3) . Finally, Legionella multiply exponentially within a specialized vacuole and eventually kill the monocyte (1) . In contrast to the intracellular parasites mentioned above, L. pneumophila is a Gram-negative bacterium that can be cultivated in the laboratory.
To determine which Legionella functions are required for killing monocytes, we have chosen a genetic approach. Since bacteriophage Mu has been a powerful tool in other Gramnegative bacterial systems, we selected Mu and Mu derivatives that contain the lac operon genes to study Legionella. Bacteriophage Mu grows vegetatively in many Gram-negative bacteria (4, 5) . Early in replication, the Mu genome transposes essentially at random to many sites in the host cell DNA (6) , thus generating insertion mutations and rearranging genes. Mini-Mu phages that carry the lac genes of Escherichia coli can result in fusions of the lac operon to genes of the host cell genome (7) .
We present evidence that Mu is able to transpose within L. pneumophila. We detected transposition of mini-Mu lac phages from a broad host range RK2-related plasmid to various sites in the Legionella genome, using Southern blots. Although transposition was identified easily, Mu phage particles could not be detected after induction. Our results suggest that Mu can be used to generate insertion mutations and gene fusions within the Legionella genome. These Legionella mutants could then be used to determine which functions are required for Legionella to survive and grow in phagocytic cells.
Despite considerable interest in the pathogenesis and cell biology of the interaction between L. pneumophila and phagocytic cells, little progress has been made to genetically analyze this organism. Genetic studies have been limited to demonstrating transfer of broad host range plasmids and Tn5 into Legionella and to cloning Legionella DNA sequences that encode antigens (8) (9) (10) . Thus Mu and mini-Mu phages will provide additional tools for the genetic analysis of this organism.
MATERIALS AND METHODS
Bacterial Strains, Phages, and Plasmids. All strains of L. pneumophila, E. coli K-12, phage, and plasmids used are listed in Table 1 . L. pneumophila, Philadelphia-1, grown in hen eggs was obtained from Marcus Horwitz and Joelle Gabay (Rockefeller University). Bacteria were cultured either on solid medium or liquid medium (see below) with no detectable loss of the ability to kill peripheral blood monocytes in vitro (J. Gabay, personal communication).
Bacterial Media. E. coli media have been described in detail (15) . L. pneumophila were cultured routinely on Aces [N-(2-acetamido)-2-aminoethanesulfonic acid]-buffered charcoal/yeast extract agar plates (ABCYE) when solid medium was used or in albumin/yeast extract broth (AYE) when liquid medium was used (1) . Antibiotics were present at the following concentrations when required: streptomycin at 50 ,ug/ml, kanamycin at 25 Ag/ml, chloramphenicol at 25 ,ug/ml for E. coli medium and at 5 ,ug/ml for Legionella medium.
Conjugal Transfer of Plasmids Between E. coli and L. pneumophila. Spot matings between E. coli CM 1000 carrying the indicated plasmids and L. pneumophila, strain Philadelphia-1, CS1, were performed on ABCYE plates. Both donor and recipient were grown to early exponential phase prior to mating. The recipient to donor cell ratio was 10:1. After 4 hr, the mating mixture was collected in sterile M63 salts (15) , and aliquots were spread on ABCYE plates containing streptomycin and kanamycin. For some experiments 0.2 ml of a high-titer stock of bacteriophage T4 was spread on the plates to ensure complete counterselection of the E. coli. The matings and selections were carried out at the indicated temperatures. Transfer frequencies are reported per 5 x 108 recipient cells. All values represent the average of at least three experiments.
Abbreviation: X-Gal, 5-bromo-4-chloro-3-indolyl /3-D-galactoside. *To whom reprint requests should be addressed.
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The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. 50 mM Tris HCl (pH 8.0), 5 mM Na2EDTA, and lysozyme at 100 ,ug/ml for 5 min. The filters were then transferred to a freezer for at least 1 hr. At the end of this time the filters were immersed in M63 salts containing X-Gal (5-bromo-4-chloro-3-indolyl B-D-galactoside at 50 pug/ml). The filters were removed from the X-Gal solution after 10 min to 1 hr.
RESULTS
Insertion of Mu DNA into Broad Host Range Plasmid RK2. Because L. pneumophila was not killed by Mu cts62 infection even when high multiplicities of infection (moi = 100) were used, we examined whether or not Mu adsorbed to these bacteria. By measuring the ability of a concentrated suspension of Legionella to decrease the titer of a Mu cts62 stock, we confirmed that phage Mu did not adsorb to Legionella. We incubated a suspension of Legionella (109 cells per ml) with a lysate of Mu cts62. At various times, samples of the mixture were centrifuged to remove the bacteria and any adsorbed Mu particles. The Mu phage remaining in the supernatant were titrated on a standard E. coli K-12 host. We did not detect any decrease in the titer of the unadsorbed Mu with Legionella, even though control experiments with E. coli K-12 showed 90-99% decreases in the titer of unadsorbed phage after 10 min (data not shown).
To introduce the Mu genome into L. pneumophila, we used RK2, a member of the IncP group of broad host range plasmids that are transferred into and stably maintained in Legionella (ref. 8 and C.S.M., unpublished observations). We mated a streptomycin-resistant mutant of L. pneumophila, strain Philadelphia-1, with E. coli donor strains that contain the IncP plasmid RK2 (13) or the RK2::Mucts62 derivative pRK212 (14) . The frequencies with which we obtained transfer of the plasmids were 2 x 10-6 for RK2 and 8 x 10-7 for pRK212 at 300C. At 370C there was a dramatic decrease in the frequency with which pRK212 was transferred to Legionella. Exconjugants were obtained at a frequency <2 x 10-8 with pRK212, while the frequency of transfer for RK2 was the same at 30°C and 370C (2.2 x 10-6). These results are consistent with the hypothesis that, after introduction into Legionella, the Mu genome reduces the viability of the bacteria. At the higher temperature, the much lower frequencies observed with pRK212 carrying the Mu cts62 mutation resulted from the lack of active Mu repressor. At 30°C, the slight decrease in the frequency of transfer is probably due to zygotic induction.
Induction of Mu DNA Replication Is Lethal. The survival of various Legionella strains that contained either RK2 or RK2 derivatives at 300C and 42°C is shown in Table 2 . At 420C Legionella strain CS 26, which contains Mu cts62, has a much lower plating efficiency than the control strain (CS 24) confirming that the induction of Mu functions is lethal to Legionella.
There are two distinct Mu functions that can result in the death of the host cell: one is MuB-dependent DNA replication and transposition (16) , and the other is the kil gene function (17) . To determine which of these two functions was responsible for the killing of Legionella following thermoinduction, we measured the viability of Legionella strains carrying plasmids that contain Mu genomes defective in these two functions. One of these, MudI B::Tn9(Cm9)(Amp,lac) (pRK24.2) (12) is defective in DNA replication and transposition due to a Tn9 insertion in the Mu B gene. This phage (7) .
First, we inserted this phage into a derivative of RK2, pRK24, that does not confer resistance to kanamycin (20) . We intentionally selected a plasmid, pRK24.1, with a low level of lac operon expression and transferred it from an E. coli donor into a Legionella recipient at 30'C. The exconjugants were selected on ABCYE agar plates that contained kanamycin and streptomycin. To detect transposition, we looked for colonies of Legionella that expressed higher levels of /B-galactosidase than the original parent E. coli strain.
These would presumably result from transposition of the MudI 1681 to a different site that contained a stronger transcriptional signal than the original site of insertion in the pRK24.1 plasmid.
Since the commonly used chromogenic /3-galactoside, X-Gal, does not produce a blue color in the presence of the high concentrations of cysteine used in ABCYE media, we examined the Lac phenotype of the exconjugants by transferring the colonies from the ABCYE/kanamycin/streptomycin agar plates to Whatman filter paper, lysing the bacteria with lysozyme at 100 Ag/ml and 5 mM EDTA, and incubating the filters in a X-Gal solution. Most of the colonies were very pale blue. However, we found dark blue colonies at a frequency of about 10% among the exconjugants, and many of the pale blue colonies contained darker blue sectors (Fig.  1) . Since the bacteria with increased lac gene expression were found among the exconjugants, we believe that transposition could have occurred prior to the establishment of Mu lysogeny in Legionella.
Initially, four dark blue and three light blue colonies from a single mating were purified and used as donors to transfer the pRK24.1 plasmid back to E. coli. We found that among these, all transferred bla, tet, and neo to E. coli CM 1000. The Lac phenotype of the E. coli strains that had acquired the plasmids from Legionella was light blue and indistinguishable from the original donor E. coli strain. We performed /3-galactosidase assays to confirm the observations (Table 3) . These results show that the Lac phenotype of the darker blue colonies of Legionella was not due to an alteration that increases the expression of the lac genes on the pRK24.1 plasmid in E. coli. The plasmids were then retransferred back to Legionella a second time, and the Lac phenotype of the exconjugants was evaluated with X-Gal. All of the plasmids yielded the same proportion of light blue colonies and dark blue colonies or sectors as in the original mating experiment. This shows that the exconjugants that were originally dark blue in Legionella were not the result of mutations that increased the level of lac gene expression from the original pRK24.1::MudI 1681 insertion 18 4.6 Enzyme assays were performed as described (15) . Strain CM 1000 contains a deletion of the lac operon, and Legionella strain CS 1 produces no endogenous 3-galactosidase (,3-Galase) and has no DNA that hybridizes to a lac operon probe (data not shown). The dark blue and light blue colonies of Legionella were restreaked twice on ABCYE plates containing kanamycin and streptomycin and were then grown in AYE broth for the assays. The plasmids from these were mated back to CM 1000, and these strains were also assayed. The values are the average of three determinations (SEM s10%).
either in E. coli or in L. pneumophila. When these mating experiments were repeated with a plasmid that carried the MudI B::Tn9(Cm9(Amp,lac) phage genome that is defective in transposition, dark blue colonies occurred at a much lowerfrequency (-10-s) (see Fig. 1 ). We conclude that the dark blue colonies are the result of transposition of the MudI 1681 phage to the Legionella genome.
Physical Evidence for Transposition. To confirm that the physical location of the MudI 1681 phage is different in the darker blue Legionella exconjugants than in the parental E. coli strain, we performed Southern blot experiments. Total genomic DNA was isolated from a variety of dark blue exconjugants that were obtained from independent matings. The DNA was cleaved with restriction endonuclease Bgl II. The cleaved DNA was then resolved on agarose gels and examined by Southern blotting and hybridization with 32P-labeled plasmid DNA that includes MudII 1681 lac sequences. As seen in Fig. 2 , in all cases the pattern of fragments obtained from the dark blue colonies (lanes b-g, i-m, o-r, and t-y) is different than in the parental E. coli donor strain (lanes a, h, n, and s). In most cases two new junction fragments are seen in addition to the fragments derived from pRK24. 1 . In one case (lane d) no new junction fragments were observed but the smaller plasmid junction fragment has a reduced size. This may be due to a deletion that resulted in increased expression of the lacZ gene. Southern blots done on several Legionella exconjugants that had a light blue phenotype were identical to those of the E. coli donor strain (data not shown). These results confirm that in the strains that produce larger amounts of P-galactosidase, there are new DNA sequences adjacent to the MudI 1681 phage in addition to those in the original pR24::MudI 1681 insertion. In addition there is considerable variety in the sizes of the junction fragments that were detected in the dark blue colonies. This indicates that Mu transposed to different sites without detectable preference for a specific location in the different exconjugants. The intensity of the new junction fragments seems to be less than the intensity of the original junction fragments from pRK24. 1. This is consistent with the new fragments having a lower copy number relative to the plasmid-derived fragments as would be expected for chromosomal insertions.
To determine if any rearrangement of plasmid sequences had occurred, the blots shown in Fig. 2 were treated to remove the original radioactive probe and rehybridized with a probe that contains RK2 sequences and no Mu or lac sequences. Only the two larger junction fragments characteristic of pRK24.1 were observed in 19 out of the 20 strains. This indicates that in these strains we were unable to detect any alteration of plasmid sequences. In the one other strain the 9-kilobase (kb) fragment was not present (corresponding to lane d of Fig. 2) . In most cases, however, there was no evidence either for rearrangement of plasmid sequences or their integration into the Legionella genome. These results argue strongly that the Mu transposition system operates efficiently in L. pneumophila.
Bacteriophage Mu Is Unable to Complete Its Life Cycle in Legionella. We next wanted to determine whether Mu is able to complete its life cycle in Legionella and produce plaqueforming units. We grew cultures of a L. pneumophila strain, CS 26 that contains RK2::Mu cts62 at 30°C and then shifted the cultures to 42°C for various amounts of time between 2 and 24 hr. At no time between 2 and 24 hr was there any detectable lysis or decrease in the turbidity of the culture, although the number of colony-forming units decreased by a factor of more than 1000. At different times after the temperature shift, we centrifuged the culture, resuspended the bacteria in buffer containing lysozyme at 100 ,g/ml and 1 mM EDTA, and sonicated the bacteria for three 20-sec periods to release any phage trapped inside the bacteria. The culture supernatant and the broken cells were cultured on E. coli K-12 RR1 (restriction minus) and E. coli C cells using the optimum conditions for detecting Mu plaques (21). We were not able to observe any plaques from the Legionella cultures, even though controls demonstrated that we were able to detect Mu with either the Mu G(+) or Mu G(-) host ranges (21 Although we were able to detect transposition easily, the behavior of Mu and of mini-Mu in Legionella differs considerably from their behavior in other bacteria such as E. coli and Salmonella typhimurium. First, Mu does not adsorb to Legionella. Second, we were unable to detect Mu phage particle development in Legionella. This is not true for other species of bacteria; in all other cases where Mu cts has been introduced via infection or conjugation, phage particle production has been detected. The number of particles produced varied among different types of bacteria from 103 plaqueforming units/ml to 1010 plaque-forming units/ml (22) . The conditions that we used to detect Mu particles after induction should have detected any phage produced above 10 plaqueforming units/ml. The mini-Mu lac fusions arise frequently in Legionella after conjugal transfer of the mini-Mu; Fig. 1 shows that a large proportion of the exconjugants are either entirely dark blue or have dark blue sectors. We have examined the stability of the Lac phenotype in these dark blue colonies by restreaking single colonies twice and retesting the Lac phenotype of 20 resulting colonies. The Lac phenotype appears to be relatively stable; all 20 resulting colonies were phenotypically identical to the original isolate.
A potential disadvantage of the method that we describe for isolating gene fusions in Legionella is the persistence of the pRK24.1 plasmid in the strains that contain the fusion. This plasmid could be eliminated either by introduction of an incompatible plasmid and screening for loss of pRK24.1 or by using a "suicide"-type vector that cannot replicate in Legionella for delivering the mini-Mu.
We have developed a semi-defined solid medium for culturing L. pneumophila that results in a high plating efficiency for wild-type Legionella. We have used this medium to look for auxotrophs among kanamycin-resistant exconjugants that contain the MudI 1681 phage. Among 3084 exconjugants we have detected 9 auxotrophs. This frequency (0.3%) is much higher than the frequency of spontaneous mutations and is approximately that observed in other organisms containing the MudI 1681 phage. At the present time we are not certain that the auxotrophic phenotypes are due directly to the insertion of the MudI 1681 phage genome into particular genes.
